Isolations of western equine encephalomyelitis (WEE) virus from the bloods of naturally infected Mus musculus and Ammospermophilus nelsoni, collected during February and March in Kern County, California, suggested that wild rodents might be reservoir hosts of this virus during the interepidemic season (Hardy, unpublished data). However, a concurrent serological survey of wild rodents for hemagglutination-inhibition (HI) antibodies to WEE virus indicated that infection rarely occurred. There were three possible explanations for this apparent discrepancy between viral isolations and antibody prevalences: infected rodents developed low or undetectable levels of HI antibodies, HI Israel. recovered from the brains of moribund and dead squirrels found in nature (11) . In addition, WEE virus had produced a fatal disease in several species of wild rodents when the virus was administered intracerebrally, intranasally, or subcutaneously (7, 19, 20) .
To determine more accurately the potential role of wild rodents in the biological cycle of WEE virus in Kern County, we studied the pathogenicity of this virus in representative species. This report describes mortality, viremia, and antibody responses in six species of rodents infected subcutaneously with three or four strains of WEE virus. Two tick species, Dermacentor parumapertus and Ornithodorus parkeri, which frequently parasitize rodents or are found in rodent burrows, were was used to infect ticks. Stock viruses were prepared either as 10% homogenates of infected suckling mouse brains or as fluids of infected hamster kidney cell cultures and were titrated either in suckling mice, in agar-overlaid duck embryonic cell cultures (DECC), or in both (8) . Viral titers were expressed as suckling mouse intracerebral mean lethal doses or plaqueforming units (PFU) per 0.1 ml. Titers of each stock virus were essentially the same when tested simultaneously in both assay systems, but the strains varied in plaque size (Table 1) . Animals. Six species of rodents were selected for study: A. nelsoni (San Joaquin antelope squirrel), Citellus beecheyi (California ground squirrel), Dipodomys heermanni (Heermann kangaroo rat), Dipodomys nitratoides (Fresno kangaroo rat), Peromyscus maniculatus (deer mouse), and Sciurus griseus (western gray squirrel). All animals were trapped within 50 miles of Bakersfield in Kern County, California, except for ten C. beecheyi and nine S. griseus that were collected in Butte and Yuba counties. After ectoparasites were removed, animals were caged individually and held for at least 1 to 2 weeks in the laboratory before they were inoculated with virus. As far as possible, animals of each species were distributed equally by age and sex into the different experimental groups.
Animal inoculation. Animals were inoculated subcutaneously with a preselected dose of virus or viral diluent (controls) on the inner surface of a hind limb. The viral diluent was 10% heat-inactivated (56 C, 30 min) normal rabbit serum in Dulbecco phosphate-buffered saline (pH 7.4), or 0.75% bovine albumin (fraction V) in borate-buffered saline (pH 9.0). In the first experiment, all animals inoculated with virus received an estimated 1,000 to 10,000 PFU, an amount believed likely to be injected by an arthropod vector. In a second experiment, D. nitratoides and P. maniculatus were inoculated with various concentrations of virus. Each viral strain was inoculated on different days, and portions of the inocula were frozen and saved for viral titrations.
Collection of specimens. After inoculation, A. nelsoni, D. heermanni, D. nitratoides, and P. maniculatus were divided into two groups. Animals in each group were bled for viremia on alternate days after inoculation, from day 1 through day 6; all animals were bled 8 or 10 days after inoculation. C. beecheyi and S. griseus were bled daily for viremia, from 1 to 10 days after inoculation. Serum samples for serological tests were collected at various intervals from 0 through 406 days after inoculation.
Rodents were bled while under light ether anesthesia. Kangaroo rats were bled from the jugular vein, and other rodents were bled from the heart. Blood (0.2 ml) was drawn into a syringe that contained 0.8 ml of viral diluent. Blood samples for viremic determinations were stored in sealed glass ampoules at -70 C. Sera for serological tests were stored in rubber-stoppered glass tubes at -20 C. Brain, heart, lungs, liver, kidneys, or spleen were removed for viral tests from most of the animals that died from disease or bleeding during the first 14 Individual ticks or pools containing 5 to 10 ticks each were triturated in 2 ml of viral diluent and centrifuged at 400 x g for 10 min. Since undiluted tick pools were frequently toxic for cell cultures, they were tested in DECC by plaquing both undiluted and 1:10 suspensions.
Several rodents that had circulated virus during the first week of infection and had developed antibodies were exsanguinated 58 weeks after infection. In these instances, an undiluted serum sample was obtained instead of the usual 1: 5 dilution of serum. Organs from these animals were minced and perfused with phosphate-buffered saline to remove antibodies. A 20% homogenate was prepared from part of each organ and tested for virus immediately by plaquing on DECC. Five explant cultures in plasma clots on cover slips (15) were prepared from the remaining portion of each organ and were grown in 20% fetal calf serum in Eagle basal medium prepared in Hanks balanced salt solution containing antibiotics. Media were removed from cultures for viral tests in DECC after 3 and 6 days of incubation at 36 C and replaced with fresh media. Cultures were frozen and thawed after 10 days of incubation before they were assayed for virus in DECC.
Serological tests. The procedure of Clark and Casals (6) was used for HI tests after adaptation to the microtiter technique of Takatsy as modified by Sever (17) . Hemagglutinins (HA) were prepared, by the sucrose-acetone method, from suckling mouse brains infected with each viral strain except S8-1-22. Sera were precipitated twice with cold acetone and then adsorbed with goose erythrocytes. A HI titer of 1:20 or greater was considered positive and 1:10 was considered equivocal.
The microculture technique of Miura and Scherer (14) was used for serum-dilution neutralization (SDN) tests, except that DECC were used in place of chicken embryonic cell cultures. Twofold serial dilutions of unheated sera were incubated for 1 h at 36 C with 40 to 60 PFU of virus before adsorption of unneutralized virus onto microcultures of DECC. The highest dilution of serum that gave an 80% reduction of virus was taken as the end point. SDN titers of 1:5 or greater were considered positive.
RESULTS
Infection of rodents. Preinoculation sera from the 207 experimental and 45 control animals had no HI or SDN antibodies to the BFS 1703 virus. No control animal developed HI antibodies in a 1-to 3-month period of observation. Only one control animal, a P. maniculatus, died within the first 21 days after inoculation, and this death resulted from the bleeding.
(i) Susceptibility and mortality. A higher proportion of rodents became infected with BFS 1703 virus than with E 14416 or A 7712 virus, but this difference possibly was related to the concentrations of virus inoculated ( Table 2 ). The only species inoculated with the S8-1-22 virus was S. griseus, and six out of six animals became infected. All animals that developed viremias and survived infection or bleeding developed both HI and SDN antibodies within 7 to 14 days after inoculation. None of 39 nonviremic animals developed HI antibodies, but 5 of these animals (2 C. beecheyi, 2 A. nelsoni, and 1 P. maniculatus inoculated with the BFS 1703, E 14416, and A 7712 viruses, respectively) developed low titers (1: 5 to 1: 10) of SDN antibodies.
Susceptibility to infection of individual rodent species varied greatly from one viral strain to another, which again could be related to the concentrations of virus inoculated. However, if mortality among infected animals was compared, there were differences in susceptibility between different rodent species. For example, 11 out of 13 D. nitratoides, 7 out of 10 D. heermanni, 10 out of 15 S. griseus, and 8 out of 23 C. beechevi died from the infection, whereas only 1 out of 15 A. nelsoni and 0 out of 5 P. maniculatus died after infection ( Table 2 ). The average survival time of rodents that died from infection with BFS 1703 virus ranged from 3 days for D. heermanni to 10 days for C. beecheyi. Usually, no overt symptoms of disease were observed other than tremors and ruffling of the fur the day before or the day of death, and dead animals were in a hunched position. The exceptions were the C. beecheyi and two D. heermanni that died from infection with A 7712 and the A. nelsoni that died after infection with E 14416. These animals developed an ascending paralysis in the hind limbs 1 or 2 days before death and were completely paralyzed immediately before death. The limbs of these animals were fully extended at death.
A second series of D. nitratoides and P. maniculatus was inoculated subcutaneously with several concentrations of BFS 1703, E 14416, or A 7712 virus to determine the influence of variable concentrations of virus on infectivity and mortality. These animals were neither etherized nor bled to detect viremia, so these two variables were ruled out as a cause of death. Infection was confirmed by the isolation of virus from the brains of animals that died and by the demonstration of HI and SDN antibodies in the Viremic titers in rodents infected with A 7712 (Table 6) were substantially lower than those observed in the same species infected with BFS 1703 (Table 4 ), E 14416 (Table 5 ), or S8-1-22 (Table 7) . There were no differences in peak viremic titers or in duration of viremias between the D. heermanni that survived infection and those that became paralyzed and died. days before death. Virus was recovered from the brain of one P. maniculatus (no. 1898) that died from bleeding on day 10 (Table 4 (iv) Development and persistence of antibodies. Six animals that were inoculated with BFS 1703, E 14416, or A 7712, and that survived for at least 56 days, were tested initially for development and persistence of HI antibodies to all three strains of WEE virus (Table 8) . Antibody titers were always higher with the BFS 1703 antigen than with the E 14416 and A 7712 antigens, regardless of the viral strain used to infect the animals. Analyses of sequential tests revealed that E 14416 and A 7712 antigens were unstable, even when stored at -70 C. For example, during a 6-week period, the dilution of antigen that contained 4 to 8 HA units decreased from 1:640 to 1: 10 and from 1: 320 to 1: 80 for A 7712 and E 14416, respectively. During the same period, a 1: 1,000 dilution of BFS 1703 antigen consistently contained 4 to 8 HA units. In subsequent HI tests only the more sensitive BFS 1703 antigen was used.
Results of HI tests with the BFS 1703 antigen on sera from all animals that developed viremia and survived for 56 days or more are shown in Table 9 . HI antibodies usually were not detectable 6 to 8 days after infection, but were detectable in all animals at 14 days after infection. Peak HI antibody titers occurred 14 to 28 days after infection in all species and persisted for 203 to 406 days after infection in those animals that were tested.
Selected sera from those animals presented in Table 9 were also tested for SDN antibodies to the viral strain used to infect the animals. SDN titers for P. maniculatus no. 1877 and 1887 were as follows: <1:5 and <1:5 on day 0, 1:40 and 1: 40 on day 98, and 1: 10 and 1: 20 on day 203. P. maniculatus no. 1887 had a SDN titer of 1: 10 on day 301. All of the remaining animals shown in Table 9 had SDN titers of less than 1:5 in their preinoculation sera, and titers of 1: 20 to 1 : 320 or greater in the last serum samples taken. VOL. 10, 1974 First-stage nymphs of 0. parkeri were fed on 1057 to 106-5 PFU of virus per ml of viremic blood. Six out of nine pools that contained five specimens each were positive for virus after an extrinsic incubation period of 34 days, during which time the ticks molted to second-stage nymphs. After 59 days of extrinsic incubation, the remaining ticks in this lot were divided into two groups and exposed to susceptible chicks. A second lot of 0. parkeri was divided into two groups after 25 days of extrinsic incubation and allowed to feed on susceptible chicks. From one to three infected 0. parkeri fed on each chick, but no viral transmission occurred.
DISCUSSION
Six species of wild rodents that are indigenous to Kern County, California, were quite susceptible to peripheral inoculation of WEE virus. The clinical response to infection varied from a highly fatal disease in kangaroo rats, western gray squirrels, and California ground squirrels to primarily an inapparent infection in deer mice and San Joaquin antelope squirrels. Similarly, Syverton and Berry (19, 20) found that when WEE virus was administered intradermally, subcutaneously, or intranasally it produced a fatal disease in ground squirrels (Citellus richardsonii) and field voles (Microtus pennsylvanicus), and an inapparent infection in woodchucks (Marmota monax). Nearly all species of wild mammals that have been studied died after intracerebral inoculation of WEE virus (7, 10, 19, 20) ; however, since this is not the natural route of infection, such studies did not clarify the role of rodents as natural hosts of WEE virus. The clinical disease in experimentally infected gray squirrels and California ground squirrels in the present study confirmed an earlier report that WEE virus caused disease in nature in these species (11) .
In our studies, both HI and SDN antibodies were found in all inoculated animals that developed viremias and survived for 10 to 14 days, and, except in deer mice, antibodies persisted at high levels until the animal died or until the experiment was terminated at the end of 2 to 13 months. Antibody titers in deer mice decreased to low levels within 7 to 10 months after infection. Several animals, primarily deer mice, developed low levels of SDN but no detectable HI antibodies, and virus was not recovered from the blood of four such animals. These animals could have been immune before inoculation of virus, and SDN antibodies were not detected in their preinoculation sera because the sera were diluted 1:5. When data from experimentally infected antelope squirrels, California ground squirrels, kangaroo rats, and deer mice were compared with that from a serological survey of the same species (Hardy, unpublished data), there was no indication that these mammals were important natural hosts of WEE virus. The failure to find a high proportion of kangaroo rats and California ground squirrels with HI antibodies in nature could have been due to animals dying from infection, but the low prevalence of HI antibodies found in field populations of antelope squirrels and deer mice indicated that these mammals rarely were infected in nature. The possibility that antelope squirrels and kangaroo rats could serve as long term reservoirs of virus was further excluded by the failure to recover virus from their organs 1 year after infection in the present study. However, these rodents could serve as short-term sources of virus for Culex tarsalis and possibly other hematophagous arthropods, because most of the animals developed sufficient viremic titers to infect C. tarsalis (1, 5, 22) . Other. studies suggested that Citellus franklini (24), C. richardsonii (4), Citellus tridecemlineatus (2), CynomNvs ludovicianus (2), M. musculus (Hardy, unpublished data), and Sigmodon hispidus (2) became infected with WEE virus in nature. Of these rodent species, only M. musculus occurs in Kern County, and we were unable to trap sufficient numbers for experimental studies.
Syverton and Berry (21) reported in 1941 that the wood tick, Dermacentor andersoni, could serve experimentally as a vector of WEE virus. Thus, in the present study we tested the ability of D. parumapertus and 0. parkeri to serve as vectors of this virus. In Kern County, D. parumapertus larvae and nymphs frequently are found on rodents, primarily kangaroo rats, and 0. parkeri are found in rodent burrows (13) . D. parumapertus did not become infected after feeding on viremic cottontails. Only a low proportion of 0. parkeri became infected after feeding on viremic chicks, and these infected ticks failed to transmit virus.
Our study points out the necessity of using more than one strain of virus in pathogenicity studies. WEE viral strains that originated from a mosquito (BFS 1703) and a rodent (A 7712) produced different clinical symptoms, viremic responses, and mortality patterns in infected mammals, especially kangaroo rats. Similar observations were made when the highly susceptible White-crowned Sparrow was infected with these strains (Hardy, unpublished data). The avian strain (E 14416) behaved similar to the mosquito strain, except that viremia was slightly delayed in kangaroo rats infected with the avian strain. Also, the avian strain was less infectious for deer mice than the other two strains. Besides originating from different hosts, these strains were isolated at different times and had different passage histories and plaque morphologies, which could account for variations in pathogenicity. They all originated in Kern County. Reeves et al. (16) found that winter isolates of WEE virus from C. tarsalis were less pathogenic for mice and less infectious for chicks than summer isolates. Changes in plaque morphologies (3, 12, 23) and in antigenic properties (9) are known to occur when WEE virus is passed in laboratory hosts. Thus, it is not known whether variations in pathogenicity would have occurred if the strains had been isolated in the same time period and had not been passaged.
Another important observation was that an HA prepared from a strain of virus isolated from mosquitoes detected HI antibody responses in infected mammals better than HA prepared from strains isolated from avian and rodent hosts. The difference in sensitivity was related to the instability of the latter HA rather than to the strain used to infect the mammals. It is conceivable that the presence of a large number of antigenic, but nonhemagglutinating, particles reduced the sensitivity of the HI test. Interpretations of the serological results would have been different if only HA prepared from tXse avian or rodent strains had been used.
In one experiment, Fresno kangaroo rats and deer mice were not anesthetized with ether or bled for viremia after inoculation with virus. It appeared that these animals were more susceptible to infection than were animals of the same species that were inoculated with a similar concentration of virus but anesthetized and bled every other day for 10 days. This difference in susceptibility could have been due to variations in the age of the animals, since the animals used in the two experiments were collected at different times and there was no reliable method of determining their age. It is also possible that the anesthetic or stress of bleeding altered the infection in some animals. Sulkin et al. (18) found that a significantly higher proportion of mice anesthetized with ether for 2 to 4 h survived intracerebral inoculation with low concentrations of WEE virus than did unanesthetized mice. Ether anesthesia influenced the course of the disease in these mice, even when it was withheld until the symptoms of disease became apparent. Thus, it is possible that in the present study ether anesthesia could have altered the susceptibility and mortality of some rodents, but this possibility was not examined.
